Long-term outcomes of seizures that develop during treatment of childhood hematological malignancies have not been described. We analyzed seizure outcome in 62 children with leukemia or lymphoma treated at our institution. There was a median follow-up of 6.5 years since first seizure. Seizure etiology included intrathecal or systemic methotrexate in 24, leucoencephalopathy in 11, brain hemorrhage or thrombosis in 11, meningitis in 4, and no identifiable cause in 12. Seizures remained uncontrolled in 18, and risk factors for poor control included female sex (P ¼ .02), no seizure control with first antiseizure drug (P ¼ .08), and longer interval between cancer diagnosis and seizure onset (P ¼ .09). Poor seizure control after initial antiseizure drug also predicted recurrent seizure after drug withdrawal (P ¼ .04). In conclusion, seizures are controlled with medications in a majority of patients with hematological cancer. After a period without seizures, antiseizure drug withdrawal in appropriately selected patient has a high success rate.
Hematological malignancies are the most common childhood cancer 1 and the treatment of acute leukemia and non-Hodgkin's lymphoma requires repeated intravenous and intrathecal infusions of potentially neurotoxic drugs. Cognitive problems, white matter changes visible by magnetic resonance imaging (MRI) of the brain (leucoencephalopathy), and seizures are recognized complications of therapy for children with leukemia or lymphoma. [2] [3] [4] [5] [6] Seizures have been reported to develop in up to 10% of children during leukemia treatment, though a recent large trial reported a cumulative incidence of 4.7% when no cranial radiation therapy was used. [5] [6] [7] However, only 1 study of 17 patients describes the long-term seizure outcome and the risk factors for uncontrolled seizure in children with leukemia and lymphoma, but recurrent seizure after withdrawal of antiepilepsy drugs were not determined. 8 The Childhood Cancer Survivor Study investigators reported a 7% incidence of seizures in acute leukemia survivors followed for 20 years after leukemia diagnosis. This determination was based on self-reported questionnaire responses, but information about the timing, severity, risk factors, and prognosis was not available. 9 In this study, we evaluate risk factors for poor seizure control and seizure recurrence after antiseizure drug withdrawal in a large cohort of comprehensively followed pediatric patients with acute leukemia or non-Hodgkin's lymphoma.
Methods
The Institutional Review Board approved the study; the requirement for informed consent was waived because of the retrospective nature of the study and minimal risk to study subjects. Eligibility criteria included a diagnosis of acute leukemia or non-Hodgkin's lymphoma, (Tables 1 and 2) , and information was abstracted from the medical record by the neurologist caring for the patients (RBK). We evaluated the number and types of seizures, presence of neurologic deficits at the time of first seizure, antiseizure drugs used, risk factors for poor seizure control, and risk factors for recurrent seizure in patients whose antiseizure drugs were stopped after achieving seizure control. Seizures were defined according to International League Against Epilepsy classification. 10 Seizure control was defined based on the number of seizures over a 6-month period preceding last clinic follow-up as controlled if there was no seizure; uncontrolled if 1 or more seizures; and intractable if 1 or more seizure each month during the 6-months period. Breakthrough seizure was defined as a seizure occurring after initial antiseizure drug therapy reached steady state (5 or more half-lives of the drug). All patients with seizure at our center are followed in the same outpatient neurology clinic, and a neurologist (RBK, EBM) assessed seizure control and adverse effects during routine clinical evaluations. Neuroimaging studies were reviewed for focal or diffuse white matter hyper intense signal change (leucoencephalopathy), and calcification at the cortical-subcortical junction (mineralizing microangiopathy; Figure 1 ).
Chi-square tests and logistic regression analyses were used to investigate the association between seizure outcome and associated variables. P values are 2-sided and were not adjusted for multiple comparisons. Multivariable analyses with backward stepwise selection were used to determine the factors that were statistically most important in their association with seizure outcome. Adjusted odd ratios were obtained from multivariable logistic regression. The log-rank test and multivariable Cox proportional hazards model were used to assess the association between uncontrolled seizures, seizure recurrence after antiseizure drug withdrawal, and associated variables.
Results

Patient Cohort
The 62 patients who fulfilled eligibility criteria had a median age of 6.4 years (range, 0.1 to 17.9 years) at diagnosis of cancer and a median age at first seizure of 9.8 years (range, 0.1 to 17.9 years). After their first seizure, patients were followed for a median of 6.5 years (range 0.5 to 20 years), and their clinical characteristics are shown in Table 1 . The primary malignancy was acute lymphoblastic leukemia in 47, acute myeloid leukemia in 5, acute promyelocytic leukemia in 2, and non-Hodgkin's lymphoma in 8. During the study period 1575 leukemia and 404 non-Hodgkin's lymphoma patients were treated at our institution giving approximate seizure incidence of 3% in leukemia and 2% in lymphoma patients. In addition to systemic and intrathecal chemotherapy, 16 children were treated with cranial irradiation and 15 underwent stem cell transplantation. Central nervous system disease was present in 16 (26%) at tumor diagnosis, and tumor relapse occurred in 18 patients. At the time of data freeze, 51 patients were still alive, and 44 of these were still in active follow-up in neurology clinic.
Seizure Type and Etiology
The first seizure was a generalized tonic-clonic in 25 (40%) and complex partial in 37 (60%). Three children had status epilepticus as first seizure: generalized tonic-clonic in 1 and complex partial in 2. Probable seizure etiology could be determined in 50: intrathecal or high-dose systemic methotrexate within 10 days prior to seizure in 24 (39%); leucoencephalopathy 11 (18%); intracranial hemorrhage 6 (10%); intracranial venous sinus thrombosis 5 (8%); and meningitis 4 (6%). Although some patients had more than 1 potential cause of seizure, the primary cause was determined by the treating neurologist. In 12 cases, no specific cause was identified after thorough evaluation, including neurologist evaluation and MRI imaging of the brain for all patients, and electroencephalogram in 51 cases.
Timing of First Seizure
The median time from cancer diagnosis to first seizure was 0.54 years (range, 0 to 13.5 years); 25% of seizures occurred within 1.5 months of diagnosis and 75% within 15.5 months ( Figure 2 ). Thirty-three patients (53%) had only a single seizure before antiseizure drug therapy was initiated, and the remaining 29 received antiseizure drug therapy only after subsequent seizures. The initial antiseizure drug was gabapentin in 27, phenytoin in 18, carbamazepine in 8, phenobarbital in 5, and valproic acid in 4. Of 62 children, 34 (55%) had at least 1 breakthrough seizure after starting antiseizure drug therapy, and 25 (40%) had 3 or more breakthrough seizures. Twentynine of the 34 children with breakthrough seizures were on a medication with routinely available serum drug levels; 2 were subtherapeutic, 5 low therapeutic, 11 high therapeutic, and 4 supratherapeutic.
Seizure Control
At last follow-up, seizures were controlled in 44 patients and uncontrolled in 18. Of the 21 patients that had controlled seizures and were taking antiseizure drugs, 11 were taking gabapentin, 5 topiramate, 2 each of valproic acid and levetiracetam, and 1 was on carbamazepine. Of these 21, everyone except 9 taking gabapentin were treated initially with a different antiseizure drug. Of the 23 patients taking no antiseizure drug at the last follow-up, 20 were treated with single antiseizure drug: gabapentin in 14, valproic acid in 3, carbamazepine in 2, and phenobarbital in 1. Another 3 taking no antiseizure drug at last follow-up were initially treated with gabapentin, phenobarbital, and valproic acid respectively and were eventually controlled with carbamazepine in 1 and gabapentin in the other 2.
A number of variables were associated with uncontrolled seizures in univariable analysis (Table 1) , but in multivariable analysis, only female gender achieved significance for P < .05. Lack of seizure control with first antiseizure drug used and seizures not developing in early induction period trended toward reaching significance (P ¼ .08 and .09, respectively). Intractable seizures were present in 10 patients at the time of last follow-up. Age younger than 3 years at cancer diagnosis and presence of central nervous system leukemia correlated with intractable seizures.
Seizure Recurrence After Antiepilepsy Drug Withdrawal
Antiseizure drugs were withdrawn in 32 patients after a variable period of seizure control (from 6 to >24 months); 24 patients had no recurrent seizure and 8 had recurrence ( Table 2 ). The median time from first seizure to antiseizure drug withdrawal was 1.8 years (range, 0.11 to 12.2 years) and the median follow-up time after antiseizure drug withdrawal was 2.7 years (range, 1.0 to 19 years). A median of 2.2 years (range, 0.77 to 9.6 years) passed between antiseizure drug withdrawal and recurrent seizure in the 8 patients with recurrence. In univariable analysis, risk factors for recurrence included use of an antiseizure drug other than gabapentin, no response to the initial antiseizure drug, cranial radiation therapy, and mineralizing microangiopathy (Table 2 ). However, in multivariable analysis, only lack of response to the initial antiseizure drugs remained statistically significant (P ¼ .04; Table 3 ).
Final Seizure Outcome
At last follow-up, 23 (37%) patients remained seizure-free off antiseizure drugs, 21 (34%) had seizures controlled on antiseizure drugs, and 18 (29%) had uncontrolled seizures. Of the 18 with uncontrolled seizures, 10 (16% of all 62 patients) had intractable seizures.
Electroencephalogram (EEG)
EEG results were available for 51 patients. Reports were not present in the charts of 11, and we could not determine the reason. Diffuse slowing of the background rhythm was seen in 6, focal slow waves in 13 and focal sharp or spike waves in 37 patients.
Pre-antiseizure drug withdrawal EEG was available in 30 of 32 patients. Diffuse background slowing was present in 1, focal slow waves in 5, and focal sharp or spike waves in 21 patients. 
Discussion
Methotrexate treatment was the most common underlying cause of seizures in this cohort. We started treating first seizure with antiseizure drugs in children with cancer after we realized a high risk of subsequent seizures during the course of treatment.
Although we show good long-term control of seizures with appropriate drug management, we do not have data to show benefit of early versus delayed treatment with antiseizure drugs. However, we demonstrate good long-term seizure control in majority of these patients and subsequent successful withdrawal of antiseizure drugs in appropriately selected patients. Age younger than 3 years at the time of tumor diagnosis was the single most important factor predicting poor seizure outcome on univariable analyses. It correlated with intractable refractory epilepsy unresponsive to multiple medications on multivariable analyses as well. A newborn's brain is poorly myelinated and myelination of the whiter matter proceeds rapidly in the first 3 years of life. However, many additional years are required to complete the process. 11 Thus, brain in earlier years of maturation may be more vulnerable to toxic effects of cancer treatment. This is also suggested by more profound cognitive problems in children diagnosed with cancer at younger age and treated with chemo or radiation therapy. 12 However, we could not confirm age association with uncontrolled seizures on multivariable analyses. It is possible that there may be true lack of correlation between younger age at tumor diagnosis and poor seizure outcome, or relatively small cohort and interaction with other variables may have prevented it from gaining statistical significance on multivariable analyses.
There were many other variables which predicted poor seizure control status on univariable analyses (Table 1) , but none of these achieved statistical significance on multivariable regression analyses except female gender. A higher predisposition to neurotoxicity from chemotherapy and radiation therapy is well recognized in females and is largely unexplained. 13, 14 Lack of response to first antiseizure drug and longer time interval between first seizure and cancer diagnosis trended toward reaching significance (P ¼ .08 and .09). Lack of response to first antiseizure drug is a recognized poor prognostic marker in epilepsy patients without cancer, 15 and likely represents a structural injury rather than chemical toxicity. Longer time interval from cancer diagnosis may also reflect seizure development because of structural brain injury from cancer or its treatment, contrary to early onset seizures where transient neuronal dysfunction from high dose chemotherapy during induction phase may be the seizure trigger.
Majority of the seizures occurred within first 6-months of cancer treatment (Figure 2 ) and may be an explanation of overall good outcome. Maytal et al 8 in their cohort of 17 patients found neurologic deficits to be predictor of poor seizure outcome, a finding that we did not confirm in this study. Likewise, we could not confirm leukemia recurrence as a risk factor for developing epilepsy as reported by Childhood Cancer Survivor Study. 9 However, inclusion of a high proportion (29%) of relapsed patients in this study may have confounded the analyses.
Many anticancer drugs are metabolized by hepatic enzyme system (cytochrome P450 3A4) and an earlier study from our institution suggested lower event-free survival in children with leukemia whose seizures were treated with hepatic enzyme inducing antiseizure drugs. 16 Marked reduction in serum levels of certain chemotherapy agents have been demonstrated in phase-I studies when used concurrently with enzyme inducing antiseizure drugs. 17, 18 This results in requiring much higher dose of chemotherapy agents, increased cost, and still less reliable serum levels. Recognition of the interaction made us switch to gabapentin monotherapy for patients with new-onset seizures as the drug does not induce hepatic enzymes, does not bind to serum proteins, and has no known clinically relevant interaction with chemotherapeutic agents. Gabapentin use was associated with better seizure control than other agents in univariable analysis (P ¼ .002) but less strongly in multivariable analysis (P ¼ .055). Although not approved for monotherapy by the FDA, this drug is included in the list of medications for use as monotherapy for new-onset localization related seizures in adults in the American Epilepsy Society and American Academy of Neurology guidelines. 19 We have previously reported its successful use in children with brain tumors, 20 and the current study also suggests usefulness of gabapentin in children with hematologic cancers. Our data cannot be used to compare different antiseizure drugs since this study was neither randomized nor controlled. Gabapentin is considered by some to be of relatively lower potency compared to other antiseizure drugs. We did experience breakthrough seizures in some children treated with gabapentin and addressed that by incrementing the dose, at times to higher than conventional dose when tolerated. This may explain our success with this drug. In the past few years levetiracetam-another antiseizure drug with no hepatic enzyme induction-has become the drug of choice for many neurologists treating seizures in patients with cancer. We also now use levetiracetam as initial treatment of seizure because of its ease of use, less frequent dosing, and availability of intravenous formulation.
Antiseizure drug withdrawal was attempted in half the patients. Mineralizing microangiopathy, treatment with cranial radiation therapy, and lack of response to first antiseizure drug correlated on univariable analyses with recurrent seizures after drug withdrawal, but only lack of seizure control after initial antiseizure drug therapy was an independent risk factor on multivariable regression analysis. These findings are not surprising since many of the risk factors identified in univariable analysis are highly correlated with each other, such as central nervous system leukemia with cranial radiation therapy and age less than 3 years, and younger age and cranial radiation therapy with mineralizing microangiopathy. For example, the presence of mineralizing microangiopathy suggests a more severe neurologic injury and presence of central nervous system leukemia may predispose to calcium deposition in a growing nervous system, and certainly increases the likelihood of needing cranial radiation therapy.
The seizure relapse rate of 25% after antiseizure drug withdrawal is similar to that reported in the literature for children without a history of cancer. 21 However, about half of the patients who developed recurrent seizures after antiseizure drug withdrawal did so after 12 months of completing the withdrawal. It is thus possible that more patients would have developed recurrent seizure if there was longer than 2.7 years median follow-up. Conventional risk factors for seizure recurrence after antiseizure drug withdrawal such as multiple seizures prior to diagnosis, older age at seizure onset, and focal slow or sharp waves on EEG did not correlate with seizure relapse risk. 21, 22 Our study is the first to report mineralizing microangiopathy as a risk factor for seizure recurrence, though it did not predict recurrence independently of other variables. Correlation of lack of response to first antiseizure drug with seizure recurrence after drug withdrawal on multivariable analyses is consistent with literature reports of higher seizure relapse rate in children who had more difficult to control seizures. 15, 23 Although our study spans almost 2 decades, patients were evaluated by the same 2 neurologists, and standardized neurologic information recorded as part of routine care. This study has a small number of patients when compared to studies of idiopathic epilepsy in children. However, considering overall low prevalence of childhood cancer and a low risk of seizures in hematological malignancies, this study represents a very large cohort. The relatively small number of patients and multiple study variables, many of which were correlated with each other, may also confound our results. We employed stepwise regression analyses to overcome this weakness, but this cannot completely compensate for the relatively small sample size.
Conclusions
Seizures in children with leukemia and lymphoma often recur if no antiseizure drug is prescribed after a first seizure, but can usually be controlled with antiseizure drugs that do not induce hepatic enzymes. Some patients require long-term antiseizure drug use, but a trial of antiseizure drug withdrawal is reasonable in patients with controlled seizures, since most will remain seizure-free at 5 years after withdrawal, and even those with recurrence may enjoy a seizure-free interval off medication.
